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CONTROL APPARATUS AND METHOD FOR INTERNAL COMBUSTION 
ENGINE HAVING VARIABLE VALVE SYSTEM 

INCORPORATION BY REFERENCE 
[0001] ThG disclosure of Japanese Patent Application No. 2002-232227 filed 
on August 9, 2002, including the specification, drawings and abstract is incorporated 
herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

[0002] The invention relates to an operation control of an internal 
combustion engine in which the amount of intake air can be adjusted in at least two 
fashions based on the period during which an intake valve is open, and the degree of 
throttle opening. 

2. Description of Related Art 

[0003] In some internal combustion engines, electromagnetic valves are 
adopted as intake valves and exhaust valves so that the period of time during which 
these valves are open Oiereinafter, referred to as "operation angle" that represents the 
open valve period of time in terms of the angle of a crankshaft), the amount of lift of 
the valves, and the phase thereof can be changed. In such engines, the amount of 
intake air can be controlled on the basis of two factors, that is, the intake valve 
operation angle and the degree of throttle opening. 

[0004] Examples of the technology for controlling the amount of intake air 
based selectively on the operation angle and the degree of throttle opening are as 
follows. Japanese Patent Application Laid-open No. 2001-159355 discloses a 
technology in which the degree of throttle opening is used to control the amount of 
intake air in a low-load region whereas in a high-load region both the operation angle 
and the degree of throttle opening are used. Japanese Patent Application Laid-open 
No. 2001-221094 discloses a technology in which during idle engine operation, an 
intake amount control based on the operation angle and an intake amount control 
based on the degree of throttle opening are selectively performed, and during the 
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switching period of transition between the two controls, a torque shock is reduced by 
a feedforward control. 

[0005] However, according to the related-art technologies, a torque shock 
often occurs at the time of switch between the operation angle-based intake amount 
5 control and the throttle-based intake amount control or during execution of the 

operation angle-based intake amount control during a normal engine operation. Thus, 
the packaging of the intake amount control based on the valve operation angle still has 
room for improvement. 

10 SUMMARY OF THE INVENTION 

[0006] Accordingly, a purpose of the invention is to substantially prevent 
occurrence of a torque shock associated with application of the intake amount control 
based on the valve operation angle in an internal combustion engine. 

[0007] The control object in the invention is an internal combustion engine 

15 having a variable valve mechanism capable of changing a valve opening characteristic 
regarding an intake valve, and a throttle valve capable of changing a negative pressure 
in an intake pipe. In order to control such an internal combustion engine, a control 
apparatus according to a first aspect of the invention includes a controller which 
controls the valve opening characteristic and a degree of opening of the throttle valve, 

20 and which controls an amount of intake air taken into the internal combustion engine 
through at least one of the control of the valve opening characteristic and the control 
of the degree of opening of the throttle valve in accordance with an output that is 
requested of the internal combustion engine. The controller is further adapted to, 
during a first operation state where the amount of intake air is controlled through the 

25 control of the valve opening characteristic control, control the degree of opening of 
the throttle valve within a range of the degree of opening of the throttle valve that 
allows maintenance of an atmospheric pressure in the intake pipe under a condition 
that the valve opening characteristic is in a steady state at least during the first 
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operation state, while maintaining a continuity of the degree of opening of the throttle 
valve during a period of switch between the first operation state and a second 
operation state where the amount of intake air is controlled through the control of the 
degree of opening of the throttle valve only. According to the control apparatus thus 
5 constructed, the degree of opening of the throttle valve during a first operation state 
where the amount of intake air is controlled on the basis of the valve opening 
characteristic is controlled under the following two conditions. One of the conditions 
is that the degree of opening of the throttle valve be within such a range that an 
atmospheric pressure can be maintained in the intake pipe under a condition that the 

10 valve opening characteristic is in a steady state at least during the first operation state. 
The other condition is that a continuity of the degree of opening of the throttle valve 
be maintained during a period of switching between the first operation state and a 
second operation state where the amount of intake air is controlled by using the 
throttle control portion without using the valve control portion. 

15 [0008] One of the factors responsible for a torque shock at the time of 

switching between the intake amount control based on the valve opening 
characteristic and the intake amount control based only on the degree of throttle 
opening is fluctuation of the negative pressure in the intake pipe resulting in an 
amount of intake air that is greater or less than a target value. The intake pipe 

20 negative pressure fluctuates due to a change in the valve opening characteristic or low 
responsiveness of the throttle opening degree-based intake amount control. For 
example, a case will be considered in which the engine output is increased by 
changing the valve opening characteristic so as to increase the amount of intake air 
during the second operation state where the amount of intake air is controlled on the 

25 basis of only the degree of throttle opening. In general, the throttle opening degree 
control is inferior to the valve opening characteristic control in terms of 
responsiveness of the amount of intake air. For example, if an increase in the amount 
of intake air into each cylinder is attempted by changing the valve opening 



characteristic while changing the degree of throttle opening within a range that allows 
maintenance of the atmospheric pressure provided that the engine operation is steady, 
the change in the degree of throttle opening may not be sufficiently followed by a 
change in the intake pipe pressure, resulting in a relatively low intake pipe pressure 
and therefore an amount of intake air that is short of the target value. Conversely, in 
some cases, the amount of intake air may exceed the target value due to a response 
delay of the throttle opening degree-based intake amount control, at the time of 
transition from the first operation state where the intake valve-based intake amount 
control is performed to the second operation state. Such an excessive or short amount 
of intake air causes a torque shock. 

[0009] According to the above-described control, the degree of throttle 
opening is controlled so that a continuity of the degree of throttle opening is 
maintained at the time of switching between the intake amount control based on the 
valve opening characteristic and the intake amount control based on the degree of 
throttle opening. Therefore, the response delay of the throttle opening degree-based 
intake amount control can be reduced. Furthermore, since the switch between the 
controls is performed while the intake pipe pressure is kept at the atmospheric 
pressure, the excess or shortfall of the amount of intake air caused by the delay in the 
following of the intake pipe pressure can be reduced, and therefore the torque shock 
can be reduced or prevented. 

[0010] It is to be noted herein that the valve opening characteristic can be 
specified by parameters that represent an open state of the intake valve and that affect 
the amount of intake air, for example, the period during which the intake valve is 
open, the amount of opening of the intake valve, etc. The phrase of "continuity of the 
degree of throttle opening" does not necessarily mean a requirement that the degree of 
throttle opening change smoothly. However, a control for smoothly changing the 
degree of throttle opening will further reduce the torque shock, and is therefore 
preferable. 
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[0011] As an example of the aforementioned control, the throttle valve may be 
fully opened when the intake amount control based on the valve opening 
characteristic is performed. The degree of throttle opening needed for maintaining the 
atmospheric pressure in the intake pipe is not necessarily a full-open degree. 
5 Therefore, when the aforementioned control is applied, it is preferable to control the 
degree of throttle opening so that the degree of throttle opening will continuously 
change from a region where the amount of intake air is controlled via only the throttle 
valve within the range of degree of throttle opening that allows maintenance of the 
atmospheric pressure in the intake pipe. As a result of this preferable construction, 

10 the possibility of a torque shock in relation to a sharp change in the degree of throttle 
opening can be reduced. 

[0012] It is preferable to keep the throttle valve at such a degree of opening 
that the atmospheric pressure exists in the intake pipe during a transitional period 
during which the valve opening characteristic is changing, as well as during a period 

15 during which the valve opening characteristic is in a steady state. As a result, the 
torque shock can be reduced during the transitional period as well. The degree of 
opening of the throttle valve that allows maintenance of the atmospheric pressure is 
greater during the transitional period than during the period of the steady state. The 
degree of opening of the throttle valve that allows maintenance of the atmospheric 

20 pressure during the transitional period can be set by, for example, empirically or 
analytically specifying a degree of throttle opening that allows maintenance of the 
atmospheric pressure in a condition where the valve opening characteristic is changed 
at a practically required maximum rate. 

[0013] Next, a control apparatus according to a second aspect of the invention 

25 is a control apparatus for an internal combustion engine having a variable valve 

mechanism capable of changing a valve opening characteristic regarding an open state 
of an intake valve, and a throttle valve capable of changing a negative pressure in an 
intake pipe. The control apparatus includes a controller which is capable of 
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controlling the valve opening characteristic and a degree of opening of the throttle 
valve, and vi^hich is adapted to control an amount of intake air taken into the internal 
combustion engine through at least one of the control of the valve opening 
characteristic and the control of the degree of opening of the throttle valve in 
5 accordance with an output that is requested of the internal combustion engine. The 
controller is further adapted to, if a switch between an intake amount control through 
the control of the degree of opening of the throttle valve and an intake amount control 
through the control of the valve opening characteristic is requested, cause the 
requested switch after an output of the internal combustion engine based on a 

10 currently performed intake amount control has reached a steady state. According to 
the control apparatus constructed as described above, if a switch between an intake 
amount control based on the degree of throttle opening and an intake amount control 
based on the valve opening characteristic is requested, the switch is performed after 
an output of the internal combustion engine based on a currently performed intake 

15 amount control has reached a substantially steady state. Therefore, the torque shock 
at the time of switching between the controls can be reduced. For example, a case 
where the throttle opening degree-based control is switched to the valve opening 
characteristic-based control will be considered. If the control switching is performed 
while the amount of intake air under the currently performed control, that is, the 

20 throttle opening degree-based control, has not settled in the steady state, there is a 
possibility of causing a transitional fluctuation in the amount of intake air and 
therefore a torque shock since the intake pipe pressure is unstable. In contrast, if the 
switching is performed after the amount of intake air under the throttle opening 
degree-based control has reached the steady state, the torque shock caused by the 

25 aforementioned unstable intake pipe pressure can be substantially prevented. 

[0014] The above-described control is particularly useful in the case where the 
air-fuel ratio is controlled on the basis of the intake pipe pressure. The control is also 
useful in the case where the intake amount control based on the valve opening 



characteristic is applied for the purpose of improving combustion or the like during a 
relatively low-load engine operation, that is, during a state where the degree of 
throttle opening is relatively small. 

[0015] In conjunction with the above-described control, the "switch" broadly 
means a change in the state of application of two control modes, that is, the intake 
amount control based on the degree of throttle opening, and the intake amount control 
based on the valve opening characteristic. Therefore, the "switch" includes a switch 
from the throttle opening degree-based control to the valve opening characteristic- 
based control, a switch from the valve opening characteristic-based control to the 
throttle opening degree-based control, a switch from a combined use of the throttle 
opening degree-based control and the valve opening characteristic-based control to 
only one of the controls, and a switch from only one of the controls to a combined use 
of the controls. 

[0016] Next, a control apparatus according a third aspect of the invention is a 
control apparatus for an internal combustion engine having a variable valve 
mechanism capable of changing a valve opening characteristic regarding an open state 
of an intake valve and an open state of an exhaust valve. The control apparatus 
includes a controller which controls the valve opening characteristic, and which 
controls an amount of intake air taken into the internal combustion engine through the 
control of valve opening characteristic in accordance with an output that is requested 
of the internal combustion engine. The controller is adapted to control the valve 
opening characteristic so that an opening start timing of the intake valve and a closing 
timing of the exhaust valve become substantially symmetrical about a timing at which 
a combustion chamber capacity of the internal combustion engine becomes minimum 
at least during a predetermined operation state of the internal combustion engine. 
According to the control apparatus constructed as described above, the valve opening 
characteristic is controlled so that an opening start timing of the intake valve and a 
closing timing of the exhaust valve become substantially symmetrical about a timing 



at which a combustion chamber capacity of the internal combustion engine becomes 
minimum at least during a predetermined operation state. The "timing at which a 
combustion chamber capacity of the internal combustion engine becomes minimum" 
means, for example, the timing of the top dead center in a piston-type engine. The 
5 "symmetrical" means, for example, that if the opening start timing of the intake valve 
is a certain amount earlier than the top dead center, the closing timing of the exhaust 
valve is an equal amount later than the top dead center. Similarly, the "symmetrical" 
also means that if the opening start timing of the intake valve is a certain amount later 
than the top dead center, the closing timing of the exhaust valve is an equal amount 

10 earlier than the top dead center. 

[0017] Due to this control, the amount of internal exhaust gas recirculation 
(hereinafter, referred to as "internal EGR") for re-combustion of a post-combustion 
gas can be stabilized. For example, if the exhaust valve is closed prior to the top dead 
center, the exhaust gas confined in the cylinder serves as an internal EGR. The 

15 amount of internal EGR substantially offsets the intake loss caused by the delay of the 
opening timing of the intake valve from the top dead center, so that the effect of 
internal EGR can be stably gained. If the exhaust valve is closed after the top dead 
center, the intake valve is opened prior to the top dead center. Therefore, exhaust gas 
reversely flows into the intake pipe and then is drawn back into the cylinder, so that 

20 the effect of internal EGR can be stably gained. 

[0018] In any one of the above-described control apparatuses according to the 
first to third aspects of the invention, it is preferable that the intake valve of the 
internal combustion engine be opened after closure of the exhaust valve if the valve 
opening characteristic is in a minimum state. Such valve opening-closing timing 

25 means that the closure of the exhaust valve is not accompanied by a period during 
which both the exhaust valve and the intake valve are open (this period or state will 
hereinafter be referred to as "minus overlap"). It is not necessary to maintain a minus 
overlap in the case of a broadened state of the valve opening characteristic. If the 
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minus overlap is applied, reduced emissions and improved fuel economy can be 
achieved by the above-described internal EGR. 

[0019] In the invention, if the internal combustion engine has a plurality of 
cylinders, it is preferable that a minimum value of the valve opening characteristic be 
5 set within a range that is feasible for all the cylinders. Furthermore, it is preferable 
that a maximum value of the valve opening characteristic be set within a range that is 
feasible for all the cylinders. In general, if an internal combustion engine has a 
plurality of cylinders, the feasible valve opening characteristic often varies among the 
individual cylinders due to production errors and the like. Therefore, the setting of 

10 the valve opening characteristic within a range feasible for all the cylinders will 
further stabilize the output of the engine. 

[0020] The above-described controls according to the first to third aspects of 
the invention may be suitably combined for application. The invention can be 
constructed not only in the form of a control apparatus of an internal combustion 

15 engine, but also in various other forms, such as a control method for an internal 
combustion engine, and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and/or further objects, features and advantages of the invention 
20 will become more apparent from the following description of preferred embodiments 
with reference to the accompanying drawings, in which like numerals are used to 
represent like elements and wherein: 

FIG. 1 is an illustration of an engine system as an embodiment of the 
invention; 

25 FIG. 2 is a diagram illustrating the action of an intake valve and an exhaust 

valve; 

FIG. 3 is a diagram indicating effects caused by the valve overlap; 
FIG. 4 is a diagram exemplifying a control switching-purposed map; 
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FIG. 5 is a diagram illustrating a method of setting the valve operation angle; 
FIG. 6 is a diagram exemplifying a map for determining the degree of throttle 
opening; and 

FIG. 7 is a flowchart illustrating an engine operation control process. 

5 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0021] Preferred embodiments of the invention will be described hereinafter 
with reference to the accompanying drawings. 

10 [0022] A, APPARATUS CONSTRUCTION 

FIG. 1 is an illustration of an engine system as an embodiment. The engine 
system of this embodiment includes a four-cylinder gasoline engine installed in a 
vehicle, and a control unit 100 for controlling the operation of the engine. In FIG. 1, 
the cylinders of the gasoline engine are represented by reference characters #1 to #4 

15 for convenience of description. 

[0023] The control unit 100 is formed as a microcomputer that has a CPU, a 
RAM and a ROM. The CPU controls the operation of the gasoline engine in 
accordance with programs stored in the ROM, thus performing a software-based 
control of the engine. The control unit 100 inputs and outputs various signals to 

20 execute the aforementioned control. FIG. 1 indicates only representative signals. The 
input signals include a signal indicating the amount of depression of an accelerator 
pedal detected by an accelerator operation sensor 21, a signal indicating the engine 
rotation speed detected by a rotation speed sensor 23, etc. Output signals will be 
described below in conjunction with the construction of the engine. 

25 [0024] The structure of the engine will be described, with the cylinder #1 

taken as an example. The engine outputs power by burning fuel in a combustion 
chamber. An intake pipe 17 for drawing air into the combustion chamber is provided 
with an intake valve 11. Air is introduced into the combustion chamber while the 
intake valve 1 1 is open. In the embodiment, the opening and closing of the intake 
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valve 1 1 is controlled by an actuator 14 , which is formed by e.g.. an 
electromagnetically-driven valve^ on the basis of a control signal from the control unit 
100. 

[0025] The intake pipe 17 is provided with an injector 16 for injecting fuel. In 
5 the embodiment, the engine is a port injection-type engine in which fuel is injected 

into the intake pipe 17. However, a so-called direct injection-type engine may also be 
adopted. The control unit 100 controls the injector 16 in accordance with the amount 
of intake air, iand causes the injector 16 to inject an appropriate amount of fuel that 
allows normal combustion. 

10 [0026] An ignition plug 13 is provided in the combustion chamber. A mixture 

of fuel and air is ignited by the ignition plug 13 after being compressed in the 
combustion chamber. The control unit 100 controls the ignition timing in accordance 
with the engine rotation speed, the requested load, etc. 

[0027] Exhaust gas occurring after combustion is discharged via an exhaust 

15 pipe 18. The exhaust pipe 18 is provided with an exhaust valve 12. The opening and 
closing of the exhaust valve 12 is controlled by an actuator 15, which is formed by 
e. g.r an electromagnetically-driven valve. 

[0028] The structures of the cylinders #2 to #4 are substantially the same as 
the structure of the cylinder #1 although detailed illustration thereof is omitted to 

20 avoid a complicated drawing. 

[0029] The power output from the engine changes depending on the amount 
of intake air introduced into the combustion chamber. In this embodiment, the 
amount of intake air is controlled in two fashions, that is, on two different bases. One 
of the bases for the control is the negative pressure in the intake pipe 17. Intake pipes 

25 of the cylinders #1 to #4 are connected at an upstream side to an intake manifold. A 
throttle valve 22 is provided in the intake manifold. As the control unit 100 controls 
the degree of opening of the throttle valve 22, the negative pressure in the intake pipe 
changes, and therefore the amount of intake air changes. For example, if the throttle 
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valve 22 is substantially fully open, the pressure in the intake pipe becomes equal to 
the atmospheric pressure, and therefore allows relatively easy suction into the 
combustion chamber, so that the amount of intake air increases. If the opening of the 
throttle valve 22 is reduced, the pressure in the intake air becomes a negative pressure 
below the atmospheric pressure, so that the amount of air taken into the combustion 
chamber decreases. 

[0030] In this embodiment, the amount of intake air can be controlled on the 
basis of the period during which the intake valve 1 1 is open, and the lift of the intake 
valve 1 1, as well as the degree of opening of the throttle valve 22. FIG. 2 is a diagram 
illustrating the action of an intake valve and an exhaust valve. In FIG. 2, the open 
valve periods of the two valves are indicated in terms of the crank angle. The period 
indicated by the clockwise angle from the top dead center (TDC) of the piston to the 
bottom dead center (BDC) in FIG. 2 corresponds to the intake stroke. The period 
from the BDC to the TDC corresponds to the exhaust stroke. The period during 
which the exhaust valve is open is an angular range indicated by a solid arrow in FIG. 
2. In the following description, the crank angle will be mentioned with a definition 
that the clockwise direction is a positive angle direction as indicated in FIG, 2. 

[0031] The period during which the intake valve is open is an angular range 
indicated by blank arrows in FIG. 2. Hereinafter, this angular range will be referred 
to as "operation angle" of the intake valve. In this embodiment, the magnitude of the 
operation angle can be changed through control of the actuator 14, as indicated by a 
solid-line arrow and a broken-line arrow. The timing of starting to open the intake 
valve, that is, the phase thereof, can also be changed. If the operation angle is large, 
the effective intake stroke becomes long in effect, so that the amount of intake air 
increases. If the operation angle is small, the effective intake stroke becomes short, so 
that the amount of intake air decreases. 

[0032] A characteristic of the control of the amount of intake air based on the 
degree of throttle opening is relatively low responsiveness. The reason for the low 
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responsiveness is that if the intake pipe negative pressure is changed in the intake 
manifold, there is a slight delay time before the pressure change actually produces an 
effect on the amounts of air taken into the cylinders. In contrast, the control of the 
amount of intake air based on the operation angle has a characteristic of very high 
responsiveness. The amount of intake air can also be controlled on the basis of the 
amount of lift of the intake valve, as well as the operation angle. Although the 
embodiment will be described below in conjunction with a case where the control 
based on the operation angle is performed, it is also possible to control the amount of 
lift of the intake valve, instead of or in addition to the operation angle. 

[0033] Although not illustrated in the drawings, the operation angle and the 
phase of the exhaust valve can be changed similarly to the case of the intake valve. 
The operation angle and the phase of the exhaust valve can be changed independently 
of the intake valve. However, in this embodiment, the operation angle and the phase 
of the exhaust valve are changed symmetrically to those of the intake valve in 
principle. The term "symmetrically" means that the open valve period of the intake 
valve and the open valve period of the exhaust valve are substantially sjrmmetrical 
about a line passing through the TDC and the BDC in FIG. 2. For example, if the 
timing of opening the intake valve is "-0 (deg.)", that is, if the intake valve starts to 
open at a timing of 9 (deg.) earlier than the TDC, the closing timing of the exhaust gas 
is 8 (deg.) later than the TDC. This manner of control advantageously achieves a 
stable effect of internal EGR. 

[0034] The period near or around the TDC during which both the intake valve 
and the exhaust valve are open is termed overlap period. The overlap period increases 
as the opening timing of the intake valve advances from the TDC. Conversely, if the 
opening timing of the intake valve is later than the TDC, no overlap occurs. In 
conjunction with the embodiment, the state where the intake valve opens after the 
exhaust valve closes will be referred to as minus overlap. 
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[0035] FIG. 3 is a diagram illustrating effects caused by the overlap. FIG. 3 
indicates relationships of the amount of overlap with the torque shock, the emission of 
NOx, and the fiiel economy. The torque shock, that is, the amount of variation of the 
actual output torque with respect to the target torque, is relatively favorable in a minus 
5 overlap region (e.g., a region A) as indicated in FIG. 3. The emission of NOx 
becomes more favorable toward a greater plus overlap side and a greater minus 
overlap side due to the generally-termed internal EGR effect. The fuel economy 
becomes relatively favorable in the minus overlap region. Thus, it can be understood 
that the minus overlap is useful in operation of the internal combustion engine. 

10 [0036] Thus, the apparatus of the embodiment selectively uses the mode of 

controlling the amount of intake air on the basis of the degree of throttle opening 
(hereinafter, referred to as "throttle-based operation") and the mode of controlling the 
amount of intake air on the basis of the operation angle of the intake valve 
(hereinafter, referred to as "valve-based operation") in accordance with the load 

15 requested of the engine constructed as described above. 
[0037] B. INTAKE CONTROL MAP: 

The control unit 100 switches between the intake controls with reference to a 
map prepared beforehand. FIG. 4 is a diagram exemplifying a control switching- 
purposed map. In this embodiment, the map is designed so as to cause the switching 

20 of control in accordance with the engine load. It is also possible to prepare similar 
maps corresponding to engine rotation speeds so that the control switching may be 
performed in accordance with the engine rotation speed and the engine load. 

[0038] A map for determining the operation angles of the intake valve and the 
exhaust valve in accordance with the load is indicated in a left side portion of FIG. 4. 

25 If the load is low, the exhaust valve is closed well before the TDC, and the intake 
valve is opened after the TDC. The closing timing of the exhaust valve and the 
opening timing of the intake valve are symmetrical about the TDC. During a low- 
load state, the operation angles of the intake valve and the exhaust valve are 
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minimum. Therefore, the intake valve is closed well before the BDC, and the exhaust 
valve is opened after the BDC. In FIG. 4, periods during which both the intake valve 
and the exhaust valve are open are indicated by cross-hatching. When the load is low, 
there is no period during which both valves are open, that is, a minus overlap state 
5 occurs. It is preferable that the amount of minus overlap be set so as to improve fuel 
economy. 

[0039] During the low-load state, the amount of intake air is controlled on the 
basis of the degree of throttle opening, instead of the valve operation angle. A 
diagram shown in a right side portion of FIG. 4 indicates changes in the intake pipe 

10 pressure in accordance with the load. As the load increases, the degree of throttle 
opening is increased, so that the pressure in the intake pipe rises from a negative 
pressure and approaches the atmospheric pressure. As a result, the amount of intake 
air increases, and the output of the internal combustion engine also increases. 

[0040] If the load becomes equal to or greater than a predetermined threshold 

15 value Tch, the intake pipe pressure substantially reaches the atmospheric pressure, so 
that the amount of intake air cannot be controlled on the basis of the degree of throttle 
opening alone. In a region of high load above the threshold value Tch, the control is 
switched to the intake amount control based on the operation angle. In the high-load 
region, the operation angles of the intake valve and the exhaust valve expand with 

20 increasing load, as indicated in FIG. 4. Correspondingly, in many cases, the amount 
of overlap is changed from a minus value to a plus value in order to utilize intake- 
exhaust pulsation. 

[0041] Although in the embodiment, the operation angle is set so as to linearly 
change in accordance with the load, the operation angle may be changed nonlinearly. 
25 Furthermore, although in the embodiment, the valve opening characteristics of the 
intake valve and the exhaust valve are set symmetrical about the TDC, the valve 
opening characteristics of the intake valve and the exhaust valve may be changed 
without such a constraint. 
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[0042] In this embodiment, a correction map for use in the case of degraded 
combustion during a low-load state is also set. If combustion degrades during a low- 
load state, the closing timing of the exhaust valve is shifted toward the TDC and the 
closing timing of the intake valve is shifted toward the BDC, as indicated by straight 
lines LI, L2 in FIG. 4. That is, both the closing timing of the intake valve and the 
closing timing of the exhaust valve are retarded. The opening timings of the intake 
and exhaust valves are fixed. The retardation of the closing timing of the exhaust 
valve achieves the effect of reducing the minus overlap, reducing the internal EGR 
amount, and therefore stabilizing the combustion. The retardation of the closing 
timing of the intake valve achieves the effect of enhancing the mixing of gas in the 
cylinder and therefore stabilizing the combustion. The maintenance of the late 
opening timing of the intake valve contributes to lowering the pressure in the cylinder, 
and therefore promotes atomization of fuel. Although in the embodiment, the 
correction performed in the case of degraded combustion is pre-set as indicated by the 
straight lines LI, L2, it is also possible to gradually change the valve closing timings 
in accordance with the condition of combustion. 

[0043] FIG. 5 is a diagram illustrating a method of setting the operation angle. 
In the diagram, an operation angle setting method for the intake valve is exemplified. 
In this embodiment, four cylinders #1 to #4 are provided as shown in FIG. 1. The 
intake valves of the cylinders have variations in the adjustable ranges of the opening 
timing and the closing timing due to production errors, and the like. In FIG. 5, the 
valve timing adjustable ranges of the individual cylinders are indicated by bands. In 
this embodiment, considering such variations in the valve timing adjustable ranges, an 
adjustable range of the valve opening timing and an adjustable range of the valve 
closing timing that are feasible for all the cylinders are set as indicated by hatched 
bands in an upper portion of the diagram of FIG. 5. By the same method, adjustable 
ranges are set for the exhaust valves as well. The map indicated in FIG. 4 is 
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prescribed within the thus-set adjustable range. This manner of setting avoids the 
effect of variations in the operation angle among the cylinders. 

[0044] In the region of high load above the threshold value Tch, the intake 
pipe pressure is kept at the atmospheric pressure as indicated in FIG. 4. The above- 
5 described control can also be accomplished by, for example, maintaining a fully open 
state of the throttle. In this embodiment, the degree of throttle opening is changed in 
the high-load region as well, in order to reduce the torque shock during the period of 
transition between the throttle-based operation and the valve-based operation. 

[0045] FIG. 6 is a diagram exemplifying a map for determining the degree of 

10 throttle opening. An upper portion of FIG. 6 indicates changes in the intake pipe 
pressure relative to the load. A lower portion of FIG. 6 indicates the setting of the 
degree of throttle opening. The degree of throttle opening during the state of low load 
below the threshold value Tch is set as described above in conjunction with FIG. 4. 
That is, until the intake pipe pressure reaches the atmospheric pressure, the degree of 

15 throttle opening gradually increases as the load increases. At the time point the intake 
pipe pressure reaches the atmospheric pressure, the degree of throttle opening is not 
necessarily a full-open degree. 

[0046] In the region of high load above the threshold value Tch, the degree of 
throttle opening is set, considering the following four conditions. 

20 Condition 1 (straight line Liml): The degree of throttle opening be less than or equal 
to the fiill-open degree. 

Condition 2 (straight line Lim2): The degree of throttle opening be greater than or 
equal to the degree of opening that allows maintenance of the atmospheric pressure in 
the intake pipe at the time of a steady operation with the operation angles 
25 corresponding to various loads. 

Condition 3 (straight line Lim3): The degree of throttle opening be greater than or 
equal to the degree of opening that allows maintenance of the atmospheric pressure in 
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the intake pipe when the operation angle is changed in accordance with changes in the 
load. 

Condition 4: The change in the degree of throttle opening be continuous between the 
throttle-based operation and the valve-based operation. 

[0047] In general, as the intake valve operation angle increases, the amount of 
intake air increases, and therefore, the degree of throttle opening needed for keeping 
the intake pipe pressure at the atmospheric pressure increases. Therefore, the degree 
of throttle opening that satisfies Condition 2 increases with increasing load as 
indicated by the straight line Lim2. If the operation angle is changed, the degree of 
throttle opening needed for keeping the intake pipe pressure at the atmospheric 
pressure becomes greater than the degree of throttle opening needed for a steady state. 
Therefore, the straight line Lim3 corresponding to Condition 3 provides greater values 
than the straight line Lim2 corresponding to Condition 2. As for Condition 3, it 
would be appropriate to empirically or analytically set a degree of throttle opening 
that allows maintenance of the atmospheric pressure in the intake pipe during a state 
where the operation angle is changed at a practically required maximum rate of 
change. 

[0048] In this embodiment, the degree of throttle opening is set (straight line 
Ls) so that Condition 4 is satisfied within a throttle setting region that satisfies 
Conditions 1 to 3. Although in the embodiment, the degree of throttle opening is set 
so as to linearly change in accordance with the load, the degree of throttle opening 
may be changed nonlinearly. It is also possible to provide a range where the throttle 
valve becomes fully open. 

[0049] C. ENGINE OPERATION CONTROL 

FIG. 7 is a flowchart illustrating an engine operation control process. 

This control process is repeatedly executed by the control unit 100. In this 
process, the control unit 100 first inputs parameters needed for the control, such as the 
requested engine rotation speed, the requested engine load, the intake pipe negative 
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pressure, etc. (step SIO). The requested rotation speed may be an output value of the 
rotation speed sensor 23. The requested engine load may be set on the basis of the 
amount of accelerator operation. 

[0050] Subsequently, the control unit 100 determines an upper limit value 
5 regarding the rates of changing the operation angle of the intake valve and the exhaust 
valve (hereinafter, referred to as "valve change rate") (step SI 1). In this embodiment, 
the setting of the upper limit value is performed through the use of a map that 
provides an upper limit value corresponding to the intake pipe pressure. This map is 
exemplified in FIG. 7. As indicated in FIG. 7, the valve change rate is curbed in a 

10 region of relatively low intake pipe pressure, and the valve change rate increases as 
the intake pipe pressure rises. This manner of setting makes it possible to keep the 
intake pipe pressure at the atmospheric pressure even while the operation angle is 
being changed, so that the amount of intake air can be stabilized. 

[0051] The control unit 100 sets the degree of throttle opening and the valve 

15 timing in accordance with the maps illustrated in FIGS. 4 to 6 (step SI 2). If the state 
of combustion in each cylinder is not degraded (step SI 3), the control unit 100 
controls the throttle, the intake valves and the exhaust valves so as to achieve the set 
degree of throttle opening and the set valve timing (step SI 7). Whether the 
combustion is degraded can be detected by, for example, the amount of an exhaust gas 

20 component, such as NOx or the like, the torque shock, the rotation speed change, etc. 

[0052] If it is determined that the combustion is degraded (step S13), the 
control unit 100 determines whether the output of the engine is substantially equal to 
the target torque (step S14). This determination may be performed only during the 
throttle-based operation. If the target torque is substantially achieved, the valve 

25 timing is corrected in accordance with the correction map indicated in FIG. 4 (step 
S15). Specifically, the closing timings of the intake and exhaust valves are retarded 
so as to improve the combustion. If the target torque is not achieved, the values of the 
valve timing set in step S 12 are not adopted but the previously-set values continue to 
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be used, so that the current operation is continued (step SI 6). In general, the amount 
of intake air is measured by a flow sensor provided in the intake pipe. Therefore, if 
the valve timing is changed while the target torque is not achieved, that is, while the 
intake pipe pressure is changing, there is a possibility that the intake amount control 
will become unstable due to a degraded precision in flow measurement. After 
correction of the set value of the valve timing is performed as described above, the 
control unit 100 controls the degree of throttle opening and the valve timing (step 
S17). 

[0053] According to the above-described control of the embodiment, the 
valve-based operation is performed while the intake pipe pressure is substantially kept 
at the atmospheric pressure. Therefore, the amount of intake air can be controlled 
with good precision, and the torque shock can be reduced or prevented. Furthermore, 
occurrence of a torque shock during the period of transition from the throttle-based 
operation to the valve-based operation can also be substantially prevented. 

[0054] While the invention has been described with reference to what are 
presently considered to be preferred embodiments thereof, it is to be understood that 
the invention is not limited to the disclosed embodiments or constructions. On the 
contrary, the invention is intended to cover various modifications and equivalent 
arrangements within the spirit and scope of the invention. For example, the intake 
and exhaust valves do not need to be electromagnetic valves. The control may be 
realized in a hardware fashion as well as a software fashion. 



